This paper describes two aspects of the application of tactile information presentation in the cockpit. The first half of the paper discusses why the tactile channel might be used instead of, or in addition to, the more common visual and auditory channels. It lists several categories of information used in cockpits and explores their appropriateness for tactile stimulation. The second half of the paper briefly describes an experiment on the perception of vibro-tactile stimuli under high G-load conditions (in a centrifuge). It is concluded that the perception of vibrotactile stimulation on the torso is not substantially impaired during high G-load conditions, at least up to 6G.
The tactile channel is a relatively neglected information channel in display research, also in cockpit displays. Worldwide only a few groups have current research programmes in this area (e.g., see [2, 3, 4] ). Visual displays dominate the design of cockpits, and auditory displays are increasingly being used as well. Tactile displays, however, are virtually absent in cockpits. Nevertheless, there are many situations in which the tactile channel can become an important or even vital alternative, because the visual (and/or auditory) channel is not available, not adequate, or overloaded (e.g., see [2] ). Some relevant considerations (some more speculative than others) are:
• The enormous amount of information that is available to the pilot is offered primarily in a visual format. The limits of the visual processing capabilities of pilots constitute a real design constraint in the development of new cockpits.
• The view on the outside world in a cockpit (field-ofregard) is generally and obviously limited, because only a part of the cockpit is transparent. Systems that use forms of indirect sight (such as camera-monitor systems) can be used to overcome this limitation, but always have a restricted instantaneous field-of-regard.
• High G-loads, such as experienced in fighter jets, can severely degrade visual perception. Maybe tactile perception does not suffer from this problem.
• Visual information can be hard to interpret, e.g., when
representing spatial information (3D) on 2D visual displays. Presenting such information to the skin might reduce those interpretation problems. The surface of the skin is a 2D surface like a visual display, but unlike such a display it is also a closed manifold embedded in a 3D space (sphere topology), and can therefore be used to represent part of the 3D spatial relations directly, namely, directions in 3D space.
• Pilots commonly experience visual and visualvestibular illusions, some of them resulting in disorientation. It is conceivable that tactile stimulation could support the pilot in recognising the occurrence of such illusions and in avoiding their negative effects on performance.
• Visual attention is usually restricted to a single entity (with the exception of moving objects). Thus, tracking multiple visual information sources in parallel is probably limited. How this translates to the tactile modality (and multi-modality) is not exactly known, but there are some indications that tactile attention may be directed to more than one location concurrently.
The above considerations are really examples of the earlier mentioned arguments for using tactile instead of, or in addition to, visual/auditory stimulation: non-availability, inadequacy, and processing overload. Another dimension along which this problem needs to be studied is the type of information that is suitable for presentation via the tactile channel. At least four relevant categories of information present in cockpits can be identified:
1. Geometric information: the projection of spatially organised information on a spatially organised medium. Major examples are:
• Directions in 3D space. Waypoints, other aircraft, targets, etc., can all be characterised by a direction in 3D space. These directions change rapidly when the pilot moves through the environment. Information of this type could be presented continuously, or when the pilot asks for it, or could be used as a cueing/warning system (e.g., see [1] ).
• Reference frames. An artificial horizon can be represented in the tactile modality by stimulating those parts of the torso that form the intersection of the torso with the actual horizon. These contemplations can be used to derive a human factors research agenda for investigating the advantages and disadvantages of using tactile versus visual and auditory information presentation in the cockpit. For instance, additional studies on multi-modal attention and processing capacity need be performed before it can be confirmed that tactile stimulation can be used to overcome current processing overload problems. The second half of this paper discusses an experiment along one of the other lines, namely vibro-tactile perception under high G-load.
VIBRO-TACTILE PERCEPTION UNDER G-LOAD
Earlier work at TNO Human Factors has shown that tactile displays can be used effectively for presenting spatial information, such as the direction of waypoints. For these studies, a tactile display was designed that allows for an intuitive way of presenting external directions by means of vibro-tactile stimulation. This display is worn on the torso and can be extended to a maximum of 128 actuators distributed over the body.
The current pilotstudy aims to probe the perception of vibro-tactile stimulation under high G -load. The motivation is that the application of tactile displays in fighter jets would be much more valuable when pilots can continue to perceive and process tactile stimulation under high G-load conditions where the visual channel degrades strongly or becomes completely unusable. The main factors that potentially hinder the tactile perception during high G -load are: mechanical aspects of human skin receptors, pressure suits and straining procedures, reduced attention for tactile stimulation caused by the high stress and workload levels, and mechanical aspects of the actuators used for the stimulation (our display was not designed for high-G applications).
Methods
The experiment was conducted in the centrifuge of the Aeromedical Institute (AMI) in Soesterberg, The Netherlands, under supervision of a medical doctor. Each of the four participants was subjected to a number of Gprofiles (see table 1 ), starting with a so-called relaxed Gtolerance test. During all profiles, subjects were wearing a simple version of the tactile display, consisting of three or four tactile actuators mounted on the left and right side of the torso. The actuators were activated as a group (left or right) in a 100ms on -200 ms off rhythm, during 6 seconds maximum. Subjects had to press one of two buttons (left or Figure 1 summarises the results. The results obtained with the G -tolerance profiles show stable response levels (reaction time and percentage correct) up till about 3G, but decreased performance close to the individual G-tolerance levels. This initial performance reduction at higher Glevels disappeared completely in subsequent G-profiles, possibly due to the familiarisation with the task and physiological condition. Note that this is even true for those G-levels that are close to the individual relaxed Gtolerance levels. Reaction times stabilise at around 500 msec (subject dependent) and percentages correct response are invariably high (between 85 and 100%).
Results & Conclusions
Apparently, the perception of vibro-tactile stimulation on the torso is not substantially impaired during high G-load conditions, at least up to 6G. Note that the torso is certainly not the most sensitive part of the body with respect to vibro-tactile stimulation, in terms of detection thresholds and spatial resolution for instance. Secondly, it seems that there are no differences between the conditions with and without a pressure suit and extended straining (subject 4 in the 4G fast versus 6G fast and 6G steady conditions).
